The geodynamic evolution of the Western Tethys is characterized by multiple phases of rifting, seafloor spreading, subduction, and collisional events. Regional reconstructions are highly dependent on the kinematic history of the major plates bounding the Atlantic and Tethyan tectonic domains, as well as small micro-plates resulted from the fragmentation of northern Gondwanaland. The complexity of tectonic events in this area leads to major discrepancies between competing models about the timing, location, and polarity of subduction zones, for both the Cenozoic evolution and earlier phases. We focus on unravelling the Mesozoic evolution of the Western Tethys. We first reassessed kinematic models for the Early Jurassic-Late Cretaceous opening of the central, north central, and north Atlantic and used these as boundary conditions on the kinematic reconstructions of the Tethyan realm. We combined reconstructions of rifting and early seafloor spreading in northern Pangea that incorporate quantitative estimates of continental extension, and suggest a transtensional motion of Iberia relative to Europe in Early Cretaceous time to fit within the refined plate configuration of Central North Atlantic. We combined this regional framework with a recently published model for the motion of smaller blocks within the Western Tethys; from this model, we created synthetic isochrons for extinct oceanic basins and built evolving topological plate boundaries based on the new rigid plate model to derive a self-consistent and time-dependant model for the last 200 million years. We then examined the consistency of subduction history implied by the kinematic reconstructions, by comparing reconstructed plate boundary configurations to mantle velocity structure imaged by a range of seismic tomography models. Our results show that a satisfactory match can be made between Cenozoic subduction events in the Western Tethys region and observed shallow tomographic high-velocity material. However, the match is less clear for older subducted material. Correlations between surface reconstructions and deep Earth structure suggest that mid-deep mantle seismic features under present day Northeast-Central and Northwest Africa-Arabia may correspond with the Mesozoic subduction systems in the Vardar Ocean, Alpine Tethys, and Western Neotethys, respectively. These correlations support a model with intra-oceanic subduction of the Vardar Ocean from Middle Jurassic to Early Cretaceous, and mid-Early Cretaceous initiation of oceanic subduction in the Ligurian-Piemont Ocean. The results from the platetomography comparison suggest the existence of oceanic subduction in the Alpine Tethys Oceans in late early Cretaceous time. We investigated the uncertainties in the tectonic model in terms of absolute and relative plate motion and surface velocities and showed that choice of absolute reference frame can partially account for the lateral offset between the Vardar subduction zone and associated slab material in deep mantle; additional mismatches may be attributable to the limitations of our methodology, such as the assumption that slabs sink vertically.
Introduction
The Tethyan oceans evolved throughout the Mesozoic and into the Cenozoic within the area bounded by Eurasia to the north and the continents comprising Gondwanaland to the west, south, and east (e.g. Africa, India, Antarctica, and Australia). The western part of this oceanic domain, the Western Tethys, occupies the region between Eurasia, Africa, and Arabia ( Figure 1 ) and is arguably one of the most complex components of the Tethyan system, characterized by multiple phases of rifting, seafloor spreading, subduction, and collision. Only small fragments of oceanic crust formed within the Western Tethys are believed to be preserved in situ (Speranza et al. 2012) , while remnants of its closure can be found in the Pyrenees, Alpine, and Carpathians orogenic belts in the north, the Anatolian plate in the east, and the northwestern coast of Arabia and Atlas Mountains in the south. These remnants of ancient ocean-floor, arccomplexes, and collisional systems provide the building blocks for piecing together the regional tectonic evolution of the area. Constraining the broad-scale tectonic evolution of the Western Tethys (including its size, shape, and episodes of growth and contraction) requires an examination of the large-scale motions of the plates surrounding the Western Tethys, such as Eurasia, Iberia, and Africa, as well as the plates involved in the opening of the North and Central Atlantic Ocean (Figure 1) . Reconstructions of the microplates that move independently from the major plates, as well as the basins that open and close between them, must also be examined. In addition, an assessment of how well any proposed subduction history reconciles the signatures of slab material imaged by seismic tomography can also assist in reconciling the location of subduction zones through time.
Recent tectonic models of the Western Tethys have utilized advances in seismic tomography to link the Cenozoic geological record with mantle structure (Spakman et al. 1993; Bijwaard and Spakman 2000; Faccenna et al. 2003; Spakman and Wortel 2004; Handy et al. 2010) , in particular examining the history of subduction along the Alpine and Hellenic arcs Van Hinsbergen et al. 2005; Kissling et al. 2006; Faccenna and Becker 2010) . This approach has rarely been used to study the less wellconstrained Mesozoic history of subduction in the Western Tethys, where seismic tomography can arguably play a more critical role (Hafkenscheid et al. 2006 ; Van der Meer et al. 2010) . This is due, in part, to the fragmented geological record and uncertain subduction history at these times in the Western Tethys.
Here, we test quantitative reconstructions of the plate boundary development within the Western Tethys from 200 Ma to the present, with a particular focus on the preCenozoic phases. We combine the global reconstruction of Seton et al. (2012) , with minor modifications in this area by Shephard et al. (2013) , with a slightly modified recent kinematic model for the Western Tethys that extends to the Jurassic Turco 2006, 2011) . As part of the model integration, we revised our global model for early plate motion of North America relative to Africa (Central Atlantic), Iberia (North Central Atlantic), and Eurasia (North Atlantic) to place the Western Tethys reconstructions within a regional and global framework. We create alternative sets of continuously closed plate polygons, with plate boundaries imbedded, in one-million-year intervals. To examine the robustness of Western Tethys reconstruction scenarios, we compare reconstructed plate boundaries to several S-and P-wave deep-mantle tomography models; and using two alternative absolute reference frames, one based on a combination of hotspot trail fitting and palaeomagnetic data (e.g. Torsvik et al. (2008b) ) and another based on linking surface plate motions to subducted slab remnants mapped from seismic tomography ( Van der Meer et al. 2010) . We examine how well alternative scenarios reconcile present-day mantle velocity structure, particularly for the controversial subduction histories of the Vardar and Alpine Oceans (Schettino and Turco 2011; Seton et al. 2012) , and how these correlations are dependent on the tomography model and the absolute reference frame used.
Regional tectonics
Reconstructions of the Western Tethys are best expressed by separating the area into two major boundary domains (Atlantic and Tethyan domains) and a series of small basins, which opened and subducted between these two main tectonic realms (Figure 2 ). The Atlantic domain includes the Central, North Central, North, and Northeast Atlantic, and the Tethyan domain includes the Vardar Ocean and western Neotethys. The smaller basins or sub-domains are the Pyrenean Rift and Bay of Biscay, the Ligurian Ocean, Piemont Ocean, the Valais Ocean, the Ionian Sea, and inner Tauride Ocean (Figure 2 ).
In the following section we briefly discuss the most important tectonic events in each domain and its relevance and importance to our tectonic model. We highlight the main controversies in each domain and identify alternative 'end-member' scenarios, where possible. For those areas with alternative scenarios, we compare the reconstructed subducted history to seismic tomography images of the lower mantle.
Various lines of evidence available to constrain the rifting, seafloor spreading, and subduction history of the Atlantic domains and the Western Tethys basins are compiled in Tables 1 and 2 . The following text briefly details and discusses the key points for each domain, and outlines how we chose the optimum parameters for the spreading history in the major ocean basins involved in our reconstruction. , mid-ocean ridges (red), and magnetic anomalies (grey) are reconstructed using the tectonic Model 1a [modified from Schettino and Turco (2011) ]. Model 2 [based on Seton et al. (2012) ] is shown in green wherever it is different from Model 1a. Purple denotes the basins and subduction zones according to Model 3 [based on Stampfli et al. (2002) ]. The Pyrenean subduction zone (orange) is based on Model 4 . Models 2, 3, and 4 are schematic. Blue, gold, and pale blue represent oceanic and continental crust and rift zones, respectively. LS, Labrador Sea; NEAO, Northeast Atlantic Ocean; NAO, North Atlantic Ocean; NCAO, North Central Atlantic ocean; CAO, Central Atlantic Ocean; ECMA, East Coast magnetic Anomaly; BSMA, Black Spur Magnetic Anomaly; WACMA, West African Coast Magnetic Anomaly; ABSMA, African Black Spur Magnetic Anomaly; BB, Bay of Biscay; Py, Pyrenees; VaO, Valais Ocean; PO, Piemont Ocean; LO, Ligurian Ocean; Ar, Atlas rift; IS, Ionian Sea; EMb, Eastern Mediterranean basin; PiO, Pindos Ocean; EVO, Eastern Vardar Ocean; Ly, Lycian; Vo, Vardar Ophiolites; Iz-An, Izmir-Ancara; NT, Neotethys; WNT, Western Neotethys; Al, Alboran; Ao, Atlas orogenic belt; Li-Pr, Liguro-Provençal; Ty, Tyrrhenian Sea; Pe, Pennines; Ap, Apennines; Al, Alps; Ca, Carpathians; Aus, Austroalpine; Di, Dinarides; Ha, Hellenic arc; Sa-Si, Sanandaj-Sirjan; Za, Zagreb; Be, Belgrade; Mi, Milano. Refer to text for further explanations of each domain/feature.
Atlantic domain
In a wider plate kinematic context we must consider the implications of the Late Triassic to Jurassic opening of the Atlantic Ocean, because the major plate motions between North America and Africa/Iberia/Eurasia directly controlled the episodes of growth or contraction of the Western Tethys domain. This, in turn, dictates how we can implement the timing and direction of seafloor spreading in the Ligurian and western Piemont oceans between Eurasia and Africa. For this reason, it is necessary to consider models not only for the Western Tethys itself, but also for the early Atlantic opening. In this section, we review and test different models for the early opening of the Central, North Central, and Northeast Atlantic to converge on a scenario compatible with the most recent observations for all the plates involved in this domain, as well as the most recent reconstruction of the blocks and basins in the Western Tethys from Schettino and Turco (2011) . We compared the models of Kneller et al. (2012) , Turco (2009), Seton et al. (2012) , Srivastava and Roest (1999) , and Vissers et al. (2013) (Figures 3 and 4) .
2.1.1. Central Atlantic 2.1.1.1. Review of models proposed for early opening of Central Atlantic. Seafloor spreading between Africa and North America initiated in the Early Jurassic, significantly earlier than between North America, Iberia, and Eurasia. Consequently, relative motions between these two plates are significantly faster in the Jurassic than for the other plate-pairs, resulting in the kinematics of the Central Atlantic Ocean playing a dominant role in the reconstructed rate and direction of motion in the oceanic basins of the Western Tethys during the Jurassic. Table 2 for abbreviations and references
Proposed reconstructions for the early opening of the Central Atlantic vary in the timing for the beginning of rifting, break-up, and seafloor spreading, as well as the direction and mechanism of separation. A major source of disagreement surrounds the interpretation and understanding of the origin and nature of major magnetic anomalies of the East Coast magnetic anomaly (ECMA) and Black spur magnetic anomaly (BSMA) on the North American margin, and the (proposed) African black spur magnetic anomaly (ABSMA) and West Africa coast magnetic anomaly (WACMA) on the African margin (Figure 2 ). Jurassic reconstructions depend heavily on whether or not these anomalies are related to seafloor spreading (Schettino and Turco 2009) or formed on continental and/or transitional crust. The lack of clear fracture zones extending into the crust older than middle Upper Jurassic time (Matthews et al. 2011 ) allows for significant deviations from the direction of relative motion during early separation in the Central Atlantic Ocean in different tectonic reconstructions (Figure 3 ). These uncertainties affect how we reconstruct the first 300 km of divergence between Africa and North America, from initiation of rifting to chron 25 (154 Ma) (Figure 3 ). After this time, there is a general agreement on Central Atlantic kinematics due to the formation of highly reliable normal seafloor spreading magnetic anomalies and fracture zone (Klitgord and Schouten 1986; Müller et al. 2008) .
In the reconstruction of Schettino and Turco (2009) , seafloor spreading starts between the central parts of ECMA and BSMA (Figures 2 and 3 ). They proposed a ridge jump at 185 Ma, corresponding to a change in the direction and rate of spreading ( Figure 3 and 4(e,f)). A contrasting scenario by and Sahabi et al. (2004) argues that the ECMA and WACMA are conjugate coastal anomalies. At 170 Ma, significant change in rate and direction of spreading occurs, changing from slow NNW-SSE spreading to normal NW-SE spreading (Figures 4(e,f) and 5).
In the most recent study, Kneller et al. (2012) introduced a new deforming model for the Mesozoic reconstruction of the Central Atlantic Ocean based on the restoration of extended continental crust. In both scenarios A and B of Kneller et al. (2012) , rifting starts at 240 Ma ( Figure 4 (e,f)), however, Scenario A assigns a younger age for the initiation of E-W relative motion and a possible ridge jump. Scenario A leads to more evenly distributed plate motion rates for early spreading history. ]; dark violet (Vissers et al. 2013) ; pale violet (Scenario A. Kneller et al. (2012) ); red ; orange (Scenario B. Kneller et al. (2012) ); blue -this study. Thick red and dark blue lines represent mid-ocean ridges and fracture zones, respectively. ECMA, East coast magnetic anomaly; BSMA, black spur magnetic anomaly; WACMA, West Africa coastal magnetic anomaly; ABSMA, African black spur magnetic anomaly. Refer to text for more information about each model. cannot be discounted, it is difficult to reconcile with current knowledge of Jurassic Western Tethys kinematics Handy et al. 2010; Schettino and Turco 2011) .
Unlike the Schettino and Turco (2009) and reconstructions, Kneller et al. (2012) implemented continental extension and eliminated the igneous addition and exhumed mantle along the conjugate margins. This method has been applied to other rifted margins around the world, and the results are thought to represent the best possible match of rifted margins (Williams et al. 2011; Hosseinpour et al. 2013) . Using these quantitative estimates, Kneller et al. (2012) showed that both the and Schettino and Turco (2009) reconstructions show significant gaps and overlaps in the central and southern parts of the Central Atlantic Ocean that affect the viability of these models.
Here, we implement a model where rifting initiates at 240 Ma (Kneller et al. 2012) . We use the rotation from scenario A of Kneller et al. (2012) (Figure 5 (a)) in our preferred model; however, to avoid the complexity and early compression that changing the direction of motion before 164 Ma imposes on the Ligurian and Piemont Oceans reconstruction, we simplified these rotations in such a way as to assume a constant opening direction for Lower and Middle Jurassic times ( Figure 5 (a)).
2.1.2. North Central Atlantic, Bay of Biscay, and Pyrenees 2.1.2.1. Review of models proposed for early opening of North Central Atlantic, Bay of Biscay, and opening and closure of Pyrenees rift. Previous studies on the early opening of the North Central Atlantic between Newfoundland and Iberia have proposed quantitative reconstructions (e.g. Srivastava and Verhoef 1992; Sibuet et al. 2004; Vissers et al. 2013; Neres et al. 2013) ; however, many uncertainties remain concerning the timing and mechanism of rifting and early seafloor spreading. These discrepancies affect the position of Iberia as it starts its independent rotation from Africa, opening of the Bay of Biscay (Figure 6 ), as well as the timing and amount of this rotation. These uncertainties largely stem from the lack of agreement over seafloor spreading magnetic anomaly constraints (Figure 3 ), palaeomagnetic data, and the origin and nature of transitional crust of the west Iberian and Newfoundland margin (Shillington et al. 2006; Norton et al. 2007; Bronner et al. 2011 ). . We plotted the motion of North America (blue)-Eurasia (green)-Iberia (red) and Tisza (purple) relative to fixed Africa (grey) for three time steps using four different reconstructions. The plate outlines of Model 1a (A -this study) are plotted on the other reconstruction models for better comparison. Table 3 . Tectonic scenarios suggested for the evolution of different oceanic and continental basins in the Western Tethys region. Models 1a and 1b are reconstructed in this study. We compared these models to alternative scenarios 2-4 in relevant domains.
Model Description 1a
Western Tethys: Schettino and Turco (2011) Tables 1 and 2  3 As described in Stampfli et al. (2002) and Stampfli and Borel (2004) ; see Tables 1 and 2  4 As described in Sibuet et al. (2004) ; see Tables 1 and 2 TPW: True Polar Wander.
One end-member scenario is heavily reliant on the interpretation of the seafloor spreading magnetic anomalies, including anomalies as old as M20 within limited sections of the crust of the Iberia and Newfoundland conjugate margins (Klitgord and Schouten 1986; Srivastava et al. 2000; Sibuet et al. 2004; Vissers et al. 2013) . These studies also interpret a margin-wide M0 lineation as extending all the way from the Gibraltar fault zone to the Bay of Biscay and joining the loosely identified M0 anomalies in the Bay of Biscay on the Iberian margin and from the Newfoundland fault to 46°N on the North American side (Figure 3 ). Fitting these lineations imposes tight constraints on the Iberia-North America-Eurasia configuration at M0 time and places Iberia in a more southward position toward Eurasia Vissers et al. 2013) , resulting in the opening of wide basins north of Iberia (>500 km in eastern Pyrenees; Table 1 ) with dominant extensional tectonics under the Pyrenees and Bay of Biscay from Late Jurassic to M0 time . To close this wide oceanic basin, Sibuet et al. (2004) suggest a double subduction system under the Pyrenees starting from 120 Ma with northward subduction of the Neotethys (Valais Ocean) until 85 Ma, after which the Pyrenean rift opens northward as a back-arc basin related to Neotethys subduction. Closure of the Pyrenean rift at Santonian time initiates a second northward subduction from 84 until 35 Ma.
An alternative end-member scenario derives the North Central Atlantic Ocean kinematics mainly from geological data from the Bay of Biscay and Pyrenees. Onshore geological data support the dominance of transtensional motion along the North Pyrenees Fault (NPF) from Late Jurassic time to 120 Ma Schettino and Turco 2011) . Offshore, extensive study of seismic reflection and refraction profiles transecting the Iberia-Newfoundland margins have been interpreted to show that the crust hosting magnetic anomalies interpreted as M0 and older may not be oceanic in nature, but rather exhumed mantle lithosphere resulting from hyperextension of continental material (Whitmarsh and Miles 1995; Dean et al. 2000) . Bronner et al. (2011) argues that similar to the eastern part of the southwest Indian ridge (Bronner et al. 2014) , the M0 anomaly ((identified within the larger anomalous signal of the J anomaly) formed over exhumed serpentinized mantle due to a magmatic pulse which triggered break-up at 112 Ma (based on dating of magmatic rocks in IODP drill-holes 897 and 899), followed by the diachronous initiation of seafloor spreading from south to north. This family of reconstructions rejects the need to fit M0 and older magnetic lineations in favour of a later break-up, which places Iberia in a more northward position in the early Cretaceous and thus reduces the width of the Pyrenees rift and the Valais Ocean (Neotethys), by proposing a strike-slip/transtensional tectonic setting for opening the of the Pyrenees rift and the Bay of Biscay (Table 1) Handy et al. 2010; Schettino and Turco 2011) . Tectono-stratigraphic data from the Pyrenees prior to Aptian time show that the sediments formed in highly faulted and transtensionally fragmented margins with massive mantle exhumation and crustal thinning along fault zones (Jammes et al. 2009) , which supports this model.
The independent Early Cretaceous rotation of Iberia relative to North America due to the opening of the Bay of Biscay (Schettino and Scotese 2005; Vissers et al. 2013 ) generates a compressional phase in northern and northwestern Iberia, which eventually results in the closure of the Pyrenees rift and the Valais Ocean (westernmost extension of NeoTethys), and the onset of the Pyrenees orogeny. This compressional phase exists in both end-member models and lasts until Eocene time, terminating with the more recent extensional phase and back-arc basin opening in Mediterranean region. Rapid subsidence and deepening of basins, together with excess marine sedimentation and salt migration, are considered as evidence for this extensional phase (Jammes et al. 2009 ). The spreading direction remains mostly E-W after 83 Ma in all North Central Atlantic reconstructions due to the existence of wellconstrained magnetic anomalies .
Revised model for early opening of North
Central Atlantic, Bay of Biscay, and opening and closure of Pyrenees rift. Reconstructing the North Central Atlantic based on fitting M-series anomalies between M25-M3 is controversial Vissers et al. 2013) as the pairing of these anomalies to the north in Bay of Biscay leads to opening of a significant gap, interpreted as an oceanic domain under the Pyrenees between Iberia and Eurasia which is inconsistent with geological data along Iberia-Eurasia plate boundaries (see previous section). Recent tomographic models (Souriau et al. 2008) do not show velocity anomalies that could be attributed to a wide oceanic domain subducted beneath northern Iberia (Refer to Section 4.2.3 for further explanation). Palaeomagnetic data provide constraints on the rotation of Iberia, but do not extend to ages older than 160 Ma and may not be reliable for 130 and 120 Ma due to the deviation from global apparent polar wander (Neres et al. 2012) , limiting their usefulness to discriminate between alternative reconstructions.
Our preferred model for the early opening of the North Central Atlantic Ocean has been primarily constrained by Iberia-Eurasia kinematics. Our model is in agreement with for Iberia but in contrast to the model presented in Sibuet et al. (2004) . In our model, the notable relative motion between Iberia and North America starts at 200 Ma, as in and Vissers et al. (2013) . This age is consistent with our preferred model for the north-reaching extensional phase that opened the Central Atlantic at 240 Ma and the North Atlantic Ocean at 155 Ma (Table 1) . It is also supported by reports of major unconformities in sedimentary basins on both margins around that time (Table 1 ; Srivastava and Verhoef (1992) ). This phase of rifting and stretching is ultraslow, as the amount of extension between Iberia and North America remains less than 50 km from 200 to 155 Ma and the NPF shows less than 30 km left-lateral strike-slip motion while the Gibraltar Fault accommodates most of plate kinematics between Africa and Iberia/Eurasia during this time (Schettino and Turco 2011) (Figure 6 ).
At 155 Ma, there is acceleration in rifting which leads to rapid mantle exhumation (Manatschal and Bernoulli 1999; Tucholke and Sibuet 2007; Sutra et al. 2013) . The total extension between Newfoundland and Iberia predicted by our model from 200 to 120 Ma is about 500 km -this value compares well to the 340-410 km of extension estimated from structural restoration of seismic profiles between Iberia and the Flemish Cap by Sutra et al. (2013) , combined with additional extension in the Orphan Basin between the Flemish Cap and North America ). The direction of motion remains mostly E-W during the main phase of rifting. Our reconstruction of Iberia-Newfoundland yields transtensional motion along the NPF between Eurasia and Iberia, with more than 300 km of strikeslip motion and a maximum opening of 200 km under the Pyrenees rift and~400 km in the Valais Ocean between Eurasia and the Briançonnais micro-plate, which was attached to Iberia at that time ( Figure 6 ). These kinematic constraints are consistent with geological and seismic studies suggesting the similar motion and amount of opening for both basins (Choukroune and Seguret 1973; Jammes et al. 2009 ). Our reconstruction uses the poles of rotation of Schettino and Scotese (2005) for M0 time (120 Ma) onward. Iberia starts rotating counterclockwise against Eurasia at this time. Our reconstruction predicts~25°of rotation, which leads to opening and seafloor spreading in the Bay of Biscay and closure of the Pyrenees rift and Valais Ocean to the east ( Figure 6 ).
North Atlantic, Labrador Sea -Baffin Bay and Northeast Atlantic
The northern branches of the Atlantic Ocean opened in a three-plate system of North America, Greenland, and Eurasia in the Late Jurassic time. The rifting occurred between Eurasia (Porcupine-Rockall)-North America, Labrador, and Baffin Island-West Greenland (Labrador Sea and Baffin Bay) and Eurasia (Norwegian margin)-East Greenland (North East Atlantic) . Early rift basins developed along the conjugate margins in Late Jurassic-Early Cretaceous (Table 1) . Rifting continued by diachronous northward propagation of the Iberia-Newfoundland ridge followed by the onset of spreading in the North Atlantic, Labrador Sea, and Baffin Island and ultimately in the Northeast Atlantic. Within all these regions, the oldest seafloor spreading is younger than 83 Ma. Before this time, the motions are less well constrained and also likely to be much slower than the relative motions of Africa-North AmericaIberia during the Jurassic and Early Cretaceous.
Our Iberia reconstruction (Model 1; Table 3 ) is compatible to the younger age for the initiation of rifting in the North Atlantic Ocean . Here, we modified the Seton et al. (2012) Eurasia-North America reconstruction for the opening of the North and Northeast Atlantic Oceans so that it uses Srivastava and Roest (1989) poles of rotation for chron 25 (155 Ma) as the fit reconstruction, followed by the poles of rotation of Gaina et al. (2002) for the rest of relative motion ( Figures 3 and 4(a,b) ). We used the fit pole of rotation (120 Ma) of Hosseinpour et al. (2013) for opening of the Labrador Sea and Baffin Bay, followed by the reconstruction of Oakey and Chalmers (2012) at the beginning of seafloor spreading (60 Ma).
Atlas rift and orogeny
The break-up of Pangaea and the initial Atlantic opening in the Early Jurassic led to the formation of the Atlas rift and horizontal motion between Morocco and Northwest Africa (Figure 2 ). This continental rift remained inactive up to Oligocene time when convergence between Africa and Eurasia inverted the extensional tectonic rift into the anticline structures of the High Atlas Mountains De Lamotte et al. 2009 ).
In spite of uncertainties about the extent of the rift system there is a general agreement, based on balancing of geological cross-sections, seismic reflection, and well data, that the basin was small and the shortening was minor (Table 1 ). This could imply that although Morocco and Northwest Africa can be treated as two separate plates from Jurassic time, the relative motion between them is trivial and can be ignored in global tectonic reconstructions. The quantitative global reconstructions that are compared in this study (Models 1 and 2, see Section 3 and Table 3 ) all follow this approach. Nevertheless, the recent study of Schettino and Turco (2009) claims to determine a significant (170 km) dextral offset between Morocco and Northwest Africa during Atlantic rifting, which remains rather speculative in the absence of reliable geological data to support it. This also further questions the early kinematics of the Central Atlantic Ocean implemented in their model .
Tethyan domain
The kinematics of the Atlantic domain are important for framing the tectonic events in the western margins of the Tethys (in particular the Pyrenees, Western Alps, and Apennines). However, developing a more complete model for the whole Western Tethys tectonic evolution relies on many additional lines of geological evidence. The closure of the Western Neotethys and the back-arc basins of the Palaeotethys delimits the eastern parts of the Western Tethys region and influences the formation of the Eastern Alps and Carpathians, Dinarides, Balkanides, Hellenides, and Taurides (Figure2) . However, the remnants of the closure of these back-arc basins have been overprinted by the recent Alpine orogeny, obscuring much of the older part of the tectonic history of this region. There are still conflicting ideas about whether the westernmost branch of the Neotethys opened as a single ocean Schettino and Turco 2011) , or was divided into northern and southern branches . Furthermore, the subduction history of the Western Neotethys and Vardar Ocean is still poorly known. Alternative reconstructions for the Vardar Ocean argue that the subduction either starts and remains on the southern Eurasian margin , or develops as an intra-oceanic arc (Schettino and Turco 2011) . The timing of obduction of this oceanic arc on the African (Adriatic) margin and the relocation of Vardar subduction to the Eurasian margin are also still not well understood. Further to the south, closure of the Western Neotethys raises the same controversies, including whether subduction remains on the Eurasian (Iran) margin (Norton 1999; Seton et al. 2012) or retreats westward either as a consequence of opening of the Semail back-arc basin on the Eurasian margin Stampfli and Borel 2004) or a short-lived intra-oceanic subduction zone (Dercourt et al. 1993; De Lamotte et al. 2009 ).
In the following sections, we briefly discuss the evolution of Tethyan oceanic basins and the implications of these events on the tectonic history of Western Tethys.
Northern branch of Neotethys (Vardar Ocean)
Subduction of the PalaeoTethys was associated with the opening of several generations of back-arc basins along the Eurasian margins between 240-170 Ma. It has been suggested that the Eastern Vardar Ocean opened along the Eurasian margin as a result of slab roll-back of SEdipping intra-oceanic subduction Stampfli and Borel 2004; Schmid et al. 2008) . Stampfli et al. (2002) and Stampfli and Borel (2004) , as well as Channell and Kozur (1997) , treat the Pindos Basin as a southern extension of the Vardar Ocean (Model 3; Figure 2 ). Such a separate southern branch has not, however, been recognized by Schmid et al. (2008) and Schettino and Turco (2011) (Models 1a, 1b, and 2) .
Different tectonic scenarios have been suggested for closure of the Vardar Ocean. One possibility is that N-dipping Western Neotethys subduction extends northward to the Vardar Ocean in the early Middle Jurassic and remains on the Eurasian margin for the entire period of subduction (Norton 1999; Seton et al. 2012) . However, this reconstruction fails to satisfactorily explain the complexity of the subduction history suggested by available geological evidence, notably the Vardar ophiolites on the African (Adriatic) margin (Sharp and Robertson 2006; Bortolotti et al. 2008; Schmid et al. 2008) . In other reconstructions, Vardar subduction starts in the early Middle Jurassic as an arcuate NE-SE-dipping intra-oceanic arc and retreats westward Schettino and Turco (2011) , following Sengör and Hsü (1984) , propose a northward jump of subduction to the southern Eurasian margin after 120 Ma (Figure 7(d) ) and describe the Eurasian margin as passive from the Late Jurassic to Early Cretaceous (Models 1a and b). Alternatively, Şengör (1990) suggests that northward migration of Semail subduction between Iran and Arabia under the Sanandaj-Sirjan zone initiated N-dipping subduction under the Rhodope block in the Early Cretaceous (Model 3).
The most recent back-arc basins of the Neotethys (e.g. Lycian; Figure 2 ) have been suggested to open and subduct within remnants of the Vardar Ocean in the Late Cretaceous Schmid et al. 2008) . Stampfli et al. (2002) Reconstructions that support an older opening time for these basins consider them as a southern branch of the Neotethys, opened between mainland Gondwana and smaller blocks that rifted away from it (Stampfli and Borel 2004) . The timing of active spreading has been variously interpreted between Jurassic and Palaeogene (Table 1) .
Alternative reconstructions for the tectonic development of the Eastern Mediterranean (Table 1) suggest that the older crust of the Ionian Sea links Atlantic kinematics to Neotethys via a continental rift between the Taurus plate and Africa. This rift develops into seafloor spreading about 100 million years after rifting ceases (Models 1a and 1b; Figure 7 (e)). Other studies reject the existence of this Southern Neotethys branch, and suggest a tight fit between Adria and Africa until Late Cretaceous time . Interpretations for the time of initiation of subduction and formation of the Hellenic Arc vary between Late Cretaceous and early Neogene (Table 2 ). There is geological and geophysical evidence to support the theory of the Vardar slab migrating southward and initiating subduction in the East Mediterranean Sea after collision between Rhodope and the Menderes-Taurides block Jolivet et al. 2003 ) (Models 2 and 3) Alternatively, it has been argued that a compressional phase following the closure of the Vardar Ocean initiates new subduction in the Mediterranean in early Palaeocene time (Schettino and Turco 2011) (Models 1a and 1b).
Piemont, Ligurian, and Valais Oceans
The Piemont-Ligurian and Valais Oceans (Alpine Tethys) are the western extension of the Neotethys, which opened as a result of fragmentation of northern Gondwana and the separation of Eurasia from the African plate. Due to the total consumption of any oceanic seafloor formed within these basins and the consequent lack of any preserved magnetic anomalies, the timing of rifting, seafloor spreading, and the direction and amount of extension and spreading in these oceanic bodies is unknown and instead derived from Central and North Atlantic kinematics (e.g. Vissers et al. 2013) . Therefore, the kinematics of the Alpine Tethys is dependent on the alternative interpretations of early Atlantic kinematics.
Closure of these oceanic basins and consequent collisional events led to the formation of the major orogenic belts and massive nappe stacking now exposed in the Alps, Dinarides, Pennines, and Apennines (Stampfli and Borel 2004; Schmid et al. 2008; Handy et al. 2010) .
The earliest indications of extensional tectonics in the Alpine Tethys are documented from mafic intrusions formed in Permo-Triassic time , followed by rifting and thermal subsidence of continental crust and seafloor spreading within the Liguro-Piemont Ocean (Models 1a, 1b, 2, and 3; Figure 7(a-c) ). The Valais rift opened between the Briançonnais microplate and Eurasia when Iberia and Newfoundland began to detach from each other in Late Jurassic-Early Cretaceous time Handy et al. 2010 ) (Models 1a, 1b, 2, 3, and 4; Figure 7 (a-c)). Table 1 summarizes different times and widths suggested for this small oceanic basin. As outlined in previous sections, Iberian kinematics and the opening of the North Atlantic play a crucial role in reconstructing the plate motions in the Bay of Biscay, the Pyrenees, and the Valais Ocean. The maximum width, timing, and direction of the opening of the Valais ocean are highly influenced by full-fit positions of Iberia, the time of IberiaNewfoundland rift initiation, and whether or not real seafloor spreading started at 120 Ma (chron M0).
2.2.3.1. Subduction and collision in the Alps. As the North Atlantic opened, the active plate boundaries between Eurasia and northwest Africa migrate northwards from the Gibraltar fault and Ligurian spreading ridge to the NPF and Valais spreading centre ( Figure. The fact that Atlantic and Tethyan kinematics control the motion in the Ligurian-Piemont Ocean results in major differences in the timing of termination of spreading and the mechanism and timing for the initiation of Alpine subduction. Schettino and Turco (2011) (Models 1a and 1b) reconstructed the initiation of Piemont Ocean subduction as a result of the opening of the North Atlantic at 120 Ma when Eurasia started to move relative to North America and thus rotate southward, leading to a cessation of spreading and initiation of Alpine subduction (Figure 7(d) ). Closure of the Vardar Ocean does not play a major role in initiation of subduction of the Piemont Ocean in this scenario, because Vardar subduction terminates on Adriatic margin and jumps to the Eurasian margin prior to 120 Ma (Figure 7(d) ). In contrast, Stampfli et al. (2002) (Model 3) and Handy et al. (2010) believe that the beginning of subduction in the Piemont Ocean was triggered or highly influenced by Neotethyan slab pull in the Vardar Ocean. In this scenario, the accretionary wedge of the Vardar Ocean passes through the continental units of the Carpathians and Austro-Alpine and eventually initiates subduction in the Piemont Ocean. This Cretaceous intra-continental subduction in the Eastern Alps has been referred to as the Eo-Alpine orogeny (Eastern Alpine subduction). Massive nappe stacking, high-pressure metamorphism, and orogeny are the geological expressions of this subduction (Seidel et al. 1981; Faryad and Hoinkes 2003; Handy et al. 2010) . The metamorphic core of this event decreases in age northward in the western Alps, thus emphasizing the southward-directed subduction (Models 1a, 1b, and 3). The Eo-Alpine compressional phase continues up to upper Late Cretaceous time when oceanic crust of the Piemont Ocean is involved in the subduction process Handy et al. 2010) .
Subduction in the Valais Ocean initiates as a result of the rotation of Iberia and opening of the Bay of Biscay. The exact timing and polarity of subduction is debated, but it is generally agreed that the main acceleration of subduction occurred in Eocene time (Figures 7(g,h) . Collision in the Alps began when Eurasian continental crust started subducting and thrusting in the Western Alps (Figures 7(h,i) ). It has been suggested that the break-off of the Alpine slab in shallow mantle occurs around this time  controversial along the Alps) due to significant decrease in convergence rate (Blanckenburg and Davies 1995; Sinclair 1997; Bijwaard et al. 1998; Handy et al. 2010; Shephard et al. 2014) .
Whether the polarity of Ligurian subduction remains the same [Penninic prism, NW (Models 1a, 1b, and 2) or SE-dipping] or flips in Oligocene time (Apenninic prism; Model 3) is still under debate. Evidence for back-thrusting in the north and south Apennines has been invoked to support this change in polarity , although it has been noted that the continuous nature of sedimentation in the Apenninic belt and the opening of Liguro-Provençal back-arc basin support a NW-dipping subduction zone (Schettino and Turco (2011) and references therein). Subsequent slab roll-back causes massive extension and rifting of the Liguro-Provençal back-arc basin, leading to burial of the Valais Ocean suture zone . This convergent boundary continued to the Ionian Ocean and opens the most recent Tyrrhenian back-arc basin (Figures 7(h,i) ).
A limited amount of deformation has been reported from the south Iberic margin, in the form of local inversion and strike-slip motions Schettino and Turco 2011) , but the south Ligurian Ocean remains mostly passive from Cretaceous until Eocene/Oligocene time (Figure 7(d-g) ). At this time subduction initiates on the south Iberic margin, followed by opening of the Liguro-Provençal and Alboran back-arc basins (Models 1a, 1b, 2, and 3; Figure 7 (h,i). This subduction is described as a southward continuation of the Apenninic slab under the Betic area (Spakman and Wortel 2004) .
Models for the Western Tethys within a global kinematic framework
In this study, we present our preferred plate reconstruction model for the evolution of the Western Tethys in the framework of Atlantic and Tethyan kinematics (Figure 7 ) (Model 1a, see Table 3 ). This reconstruction uses the models of Schettino and Turco (2011) and Schettino and Turco (2006) for the Western Tethys; this study for the kinematics of the Atlantic domain and Seton et al. (2012) for imbedding into a global framework (Figure 7) . We rely most heavily, however, on the model of Schettino and Turco (2011) for the Western Tethys model; this choice is largely driven by the availability of the accompanying poles of rotation, in contrast to other models discussed above, and in our assessment of seismic tomography we consider a range of scenarios previously described. The absolute reference frame used in this model is based on moving Indo-Atlantic hotspots from 100 Ma to the present day (O'Neill et al. 2005 ) and the TPW-corrected reference frame (Steinberger and Torsvik 2008) for times older than 100 Ma.
We compare different aspects of Model 1a to three alternative models for the evolution of the Western Tethys: Seton et al. As it is difficult to assess the validity of competing models from the geological record alone, the main focus of our study is to explore the relationships between the evolution of the Western Tethys and deep mantle processes by comparing plate reconstructions to seismic tomography. As such, we focus on episodes of larger-scale, subduction-related events in plate Model 1a. This model covers the last 200 million years, as we are primarily interested in capturing the older (Jurassic and Cretaceous) poorly constrained record of subduction and the main cycles of back-arc basin opening and closure. As the absolute motion of the plates is subject to increasing uncertainty back in time, we explore the consequences of alternative reference frames for the absolute plate motions within our study area by creating an alternative model [Model 1b that uses Van der Meer et al. (2010) ] subduction reference frame of Van der Meer et al. (2010) .
Both Model 1a and 1b were defined within the new generation of global plate reconstruction models with self-consistent, dynamically evolving plate boundaries, and polygons through time Seton et al. 2012) . The plate boundaries allow us to directly compare the timing and absolute location of subduction predicted by different reconstructions to predictions of past subduction from seismic tomography [e.g. Shephard et al. (2013)].
Insights from seismic tomography
Deep mantle thermal and chemical structure can be revealed and interpreted through seismic tomography (Nolet 1987 ). This technique is based on measuring travel times of P and S seismic waves through the mantle, and compiling information from large numbers of different ray paths into 3D images of the earth's velocity structure.
High-velocity structures are typically associated with subducted slab material and slower velocities to mantle upwellings. Once subducted slabs enter the mantle, the time taken for them to sink to the base of the lower mantle may be more than 200 million years (Van der Meer et al. 2010; Butterworth et al. 2014) . Therefore, seismic tomography models are used to test the proposed tectonic reconstruction of Western Tethys from 200 Ma to the present, to investigate how the observed distribution of high-velocity material in the mantle corresponds with reconstruction model predictions for the location, timing, and duration of subduction in this region.
Method of analysis
Here, we compare one global S-wave mantle seismic tomography model of GrandS (Grand 2002) and two P-wave models of MITP 08 (Li et al. 2008) and GypsumP (Simmons et al. 2010) . We assess vertical cross-sections across the predicted locations of subduction zones in three domains: the Vardar Ocean, Alpine Tethys, and Pyrenees.
We infer the approximate location and depth of subducted slabs in the Tethyan realm by assuming that oceanic lithosphere sinks vertically into the mantle (Grand et al. 1997; Van der Meer et al. 2010) . The rate of this vertical sinking is higher in the upper mantle and decreases when the slab penetrates into the more viscous lower mantle (Lithgow-Bertelloni and Richards 1998). Slab stagnation in the mantle transitional zone (above 660 km depth) is a factor that affects the shape and kinematics of slab sinking and thus the correlation between plate reconstruction and tomographic models (Forte and Mitrovica 2001) . Various studies on slab stagnation have suggested that this is a common phenomenon in the circum-Pacific and Mediterranean areas (Capitanio et al. 2009; Fukao et al. 2009; Yoshioka and Naganoda 2010) . These issues, along with the possibility of complex mantle flow and lateral slab migration, can be properly explored within numerical convection models constrained by assimilating data from palaeogeographic reconstructions (Bower et al. 2013; Hassan et al. 2015) , which is beyond the scope of this study. Thus, with these limitations in mind, we here consider a rate of 1.2 cm/year as an average sinking rate, as has been suggested for the Aegean (Vardar) slab by Van der Meer et al. (2010) , and consistent with average sinking rates inferred from geodynamic modelling (Hassan et al. 2015) .
Another factor with implications for linking past plate motions with seismic tomography is the choice of an absolute reference frame. While the assumed sinking rate influences the depth level within seismic tomography that we relate to reconstructed subduction zones of a given age, our choice of absolute reference frame influences the geographic location (in longitude/latitude space) of the reconstructed subduction zones. Previous studies have typically relied on reference frames derived from a certain combination of hotspot trails and palaeomagnetic data (O'Neill et al. 2005; Torsvik et al. 2008a ). However, Van der Meer et al. (2010) argue that significant longitudinal shifts (compared to a hybrid hotspot/palaeomagnetic reference frame) are required to match tomographic signatures for three slabs (Farallon, Aegean Tethys, and Mongol Okhotsk), particularly for times older than~80 Ma where constraints from hotspot trails are sparse or absent (Figure 8 ). This factor will be further discussed in Section 5.
It should be noted that another limiting factor in the interpretation of subduction history from seismic tomography images is the uncertainties in these images themselves. Lack of global seismic wave coverage can lead to interpolation artefacts in areas of poor data coverage, which may be influenced by adjacent wellconstrained regions and not necessarily corresponding with the true nature of deep earth in these regions. Limitations in the resolution and robustness of seismic tomography images can be qualitatively assessed to some degree by comparing different models and identifying which features are consistently imaged across a range of models, which we do here as part of our evaluation of mantle structure in selected crosssections.
Western Tethys profiles
According to our Model 1a, subduction-related events in the Western Tethys can be divided into two major categories: older events that occur over the Jurassic and Cretaceous time period and involve older subduction in the Vardar and Meso-Neotethys Oceans (profile 5) and Alpine Tethys (Piemont and Ligurian Ocean) (profile 4); and Tertiary events that cover the closure of the Vardar Ocean (Hellenic subduction) (profile 1) and subduction in the Alpine (Piemont and Ligurian Oceans), Penninic (Valais Ocean), Apenninic (Calabrian arc) (profile 2), and proposed subduction for the Pyrenees-Bay of Biscay (profile 3).
Cenozoic events have been extensively studied in the light of shallow mantle seismic tomography (Bijwaard and Spakman 2000; Wortel and Spakman 2000; Piromallo and Morelli 2003; Spakman and Wortel 2004; Handy et al. 2010) . Many aspects of first-order velocity structure can be robustly related to recent subduction, although there are still disagreements about the detailed interpretation of high-velocity bodies visible in the upper mantle beneath the Mediterranean region. Establishing links between tomography and Jurassic-and Cretaceousaged subduction events is more challenging, due to poorly constrained plate reconstructions, greater uncertainty over the characteristics of the lower mantle and slab behaviour as it sinks deeper into the mantle, and the lower resolution and reliability of tomographic models for the deeper regions of the mantle. The aim of the following analysis is to explore the signatures in seismic tomography models in relation to different relative and absolute plate reconstruction scenarios, with a focus on Jurassic and Cretaceous subduction within the Neotethys and Alpine Tethys. A secondary aim is to discuss the younger events in some controversial areas.
In the next section we discuss five tomography profiles across the region beneath North Africa, the Mediterranean, and southern Eurasia. We discuss the profiles in terms of what we expect to see in each profile based on Model 1a and the series of assumptions outlined above, what is actually observed, and how dependent the observed seismic anomalies are on the choice of tomography model. and Eastern Mediterranean subduction (Hellenic Arc) (56 Mapresent time) 4.2.1.1. Expected. According to Model 1a, this profile is parallel to the direction of convergence between AfricaEurasia in the Western Tethys and thus it is expected to image the subducted material of the Vardar Ocean and Hellenic Arc. The predicted maximum depth of highvelocity material is around 1500 km. As the Hellenic subduction is still continuing in the western part, we expect to see the attached slab in tomographic models. Figure 9 shows profile 1 and the vertical slices of three different tomographic models along this profile.
Profile 1:
4.2.1.2. Observed. Three anomalies are detected in the shallow and deep mantle across all tomographic models. The slab materials from ongoing Cenozoic (~55-0 Ma) Mediterranean subduction (Hellenic Arc) are visibly attached to the surface and dip up to the 660 km transition zone (Anomaly A). This anomaly was investigated in previous studies (Bijwaard et al. 1998; Faccenna et al. 2003; Widiyantoro et al. 2004; Van Hinsbergen et al. 2005; Capitanio et al. 2009) . A NEdipping anomaly (Anomaly B) is located in the midmantle between 660 and 1500 km. According to models 1a, 2, and 3, this anomaly can be correlated with the slab material from the Vardar and Aegean basins that subducted between 120 and 55 Ma. The southwestward extension of anomaly B between 25°N and 37°N at a depth of 1000-2000 km (Anomaly C) was the topic of many studies and different suggestions have been made to explain this deflection, including that the distortion was due to slab folding in the transition zone , consequent flushing of stagnated slab material as 'slab avalanches' (Capitanio et al. 2009 ), or material belonging to Jurassic Vardar subduction . All these studies consider the existence of only one subduction zone from Early Cretaceous to the present that retreats southward at around 50 Ma and initiates subduction in the Aegean region (Wortel and Spakman 2000; Faccenna et al. 2003; Van Hinsbergen et al. 2005) . Model 1a, in contrast, predicts the formation of a new subduction zone in the Aegean region at~70 Ma that moves northward as a result of northward motion of Africa and Eurasia (Figure 9 ). This scenario therefore predicts the existence of slab material from both Vardar and Aegean subduction in mid-mantle at 660-1500 km, which may be responsible for thickening and extension of the southern tip of the slab (anomaly C). The deeper part of anomaly C is located below 1500 km (more distinguishable in MITP-08 and GypsumP models) and has previously been attributed to Jurassic subduction of the western Vardar Ocean by Van Hinsbergen et al. (2005) . However, an offset of more than 12°westward between the Jurassic palaeo-subduction zone of the Vardar Ocean reconstructed with model 1 and associated slab material in the deep mantle (Figure 9 ) makes this correlation less apparent. We tentatively suggest that anomaly C might represent the subducted material from Late Triassic-Early Jurassic oceanic bodies from the subduction of earlier generations of Palaeotethys back-arc basins (e.g. Kure, Izmir-Ancara, and eastern Vardar oceans) along the Eurasian margin Schettino and Turco 2011) . 4.2.2.1. Expected. This longitudinal profile cuts through the western, central, and eastern Mediterranean regions ( Figure 10 ). According to models 1-3, the subducted material beneath this area belongs to Cenozoic (70 Ma and younger) subduction events in the Alps, Apennines, and Aegean regions. We expect to find these materials at the surface to a maximum depth of 800 km. The model predicts the existence of slab material from west-dipping Ligurian-Calabrian subduction in the Apennines, and the N-dipping Aegean slab in the eastern Mediterranean region on the far eastern side of the profile.
Profile 2: Alpine and Calabrian subduction

Observed.
A massive volume of shallow, highvelocity material present in all the tomography models makes it difficult to attribute each anomaly to a separate subduction zone. Possible distinct regions of upper mantle slab material are best distinguished in MIT-P08 and Gypsum P models.
Anomaly A is the westernmost high-speed body that is present in all tomographic models. The main part of this anomaly lies in the 660 km transitional zone, although in MIT-P08 and GrandS models it extends down to 900 km depth. Based on Models 1 and 2, we interpret anomaly A as the W-dipping Late Cretaceous-Eocene Ligurian Ocean subducted material under Iberia. However, it is difficult to directly infer the polarity of this subduction due to the highly flattened morphology of this anomaly. Anomaly B is located between the surface and the upper mid-mantle transitional zone under the Tyrrhenian back-arc basin. This anomaly dips steeply to 600 km depth and is then highly flattened and stretched westward along the transition zone for more than 10°. This anomaly corresponds well with the location of Calabrian slab predicted in tectonic Models 1 and 2. The prolongation of slab material is reflective of the rapid westward retreat of the Calabrian subduction zone during Oligocene time. This slab is extensively discussed in other studies and tomographic models (Bijwaard et al. 1998; Piromallo and Morelli 2003; Spakman and Wortel 2004) . To the east lies the main body of Aegean subducted material (anomaly C) from the surface to the upper mid-mantle transitional zone. This anomaly correlates with anomaly A that is visible along profile 1 (Figure 9 ). 4.2.3. Profile 3: Pyrenees 4.2.3.1. Expected. This profile cuts through the Pyrenees orogeny and is parallel to Iberia-Eurasia compression ( Figure 11 ). Model 1 predicts no oceanic crust formed under the Pyrenees and hence no oceanic subducted material is expected to be present under the Pyrenees along this profile.
4.2.3.2. Observed. Anomalies A and B are observed in all models in the shallow mantle between the surface and 400 km depth. Sibuet et al. (2004) (Model 4) attributes the southern anomaly A to the Neotethys slab and the northward anomaly B to subducted lower crust of Pyrenees rift . This rift was assumed to open as a back-arc basin during Neotethys subduction. Considering the sinking rate used in our study, we expect to see the main body of the slab material of these two subduction zones at 1400-1000 and 1000-300 km, respectively. None of our tomographic models show such high-velocity bodies at associated depths with these inferred subduction zones. This result is also consistent with the tomographic studies of Spakman and Wortel (2004) and Souriau et al. (2008) , who also report no slab material under the Pyrenees in global and regional tomographic models. Anomaly C, which lies horizontal in the transitional zone, corresponds to the Ligurian (Betic) subduction zone and was previously discussed as anomaly A along profile 2 (Figure 10 ). (Figure 12 ), oceanic subduction starts as early as 130 Ma in the Piemont Ocean and continues until around 40 Ma followed by collision, slab break-up, and continental subduction. We expect to see the deepest anomaly at~1500 km depth, while the shallow continental part of Alpine subduction should still be attached to the surface in the northern section of the profile.
4.2.4.2. Observed. Two separate slab-like bodies are recognized under the Mediterranean area in all four models (anomalies A and B). Both of these anomalies are still attached to the surface, while the deepest parts of Anomaly B can be traced as lying horizontal in the upper mid-mantle transitional zone. The deeper highvelocity volumes (anomalies C and D) are located at 1000-1500 km, corresponding to a subduction event Figure 11 . Vertical cross-section along line I-II through Pyrenees and reconstructed location of southern Ligurian subductions. The vertical profiles show comparison to two P-wave and one S-wave tomography models of GrandS (Grand 2002) , MITP-08 (Li et al. 2008) , and GypsumP (Simmons et al. 2010) , as labelled in figure. A and B: Pyrenees slabs interpreted by Sibuet et al. (2004) Stampfli and Borel (2004) , which adds to uncertainties in connecting this high-velocity volume to the so-called subduction zone. In the upper mantle, we attribute anomaly B to Cenozoic subduction of the Piemont Ocean. This high-velocity mass is well identified and studied in shallow mantle tomography models of the Mediterranean area Piromallo and Faccenna 2004; Spakman and Wortel 2004) . The shallow part of this anomaly represents the Cenozoic oceanic subduction of the Piemont Ocean, while the hanging slab can be attributed to postbreak-up continental subduction. Ultimately, anomaly A represents the shallowest high-speed anomaly in the upper mantle. The location of this anomaly is in agreement with the Calabrian slab that was already identified and discussed under the name of anomaly B along Profile 2 and Figure 10 . Figure 13 ). This NE-dipping intra-oceanic subduction is progressively retreating eastward and consuming the oceanic lithosphere between the island arc and the Adriatic margin. The total amount of oceanic subduction inferred from the tectonic model is around 300 km over 25 million years. According to slab sinking rates and considering uncertainties in these rates, material from this subduction should be observed in the lower mantle under present-day north central Africa at depths between 1400 and 2200 km. The second feature predicted by Model 1 is subducted material from the intra-oceanic subduction zone of the western Neotethys between Africa/Arabia and Iran (Eurasia) from 100 to 80 Ma. According to this model, these slab materials should be observable between 1000 and 1500 km depth below the west bank of the Red Sea.
4.2.5.2. Observed. The Grand S and Gypsum P tomographic models show three distinct high-velocity anomalies in the mantle (A, B, and C in Figure 13 ), whereas the shallow anomaly is not recognized in the MIT-08 model as it is imaged in a more northward location in this model ( Figure 12 , anomaly D). Anomaly A is visible under northwest Africa between 1500 and 2300 km depth, while anomaly B is located between 20°E and 35°E at depths between 800 and 1400 km. Anomaly C is situated below 1000 km depth and extends deeper than 2500 km. All these anomalies are highly flattened and extended longitudinally.
Anomaly B is located beneath the reconstructed location of Vardar intra-oceanic subduction from 170 to 145 Ma in Model 1. However, the shallow depth of this anomaly is difficult to reconcile with the age inferred from the tectonic model for Vardar subduction. The age of about Ma is what is inferred from the sinking rate for subducting slab related to this anomaly. Anomaly A on the other hand is located at depths consistent with plate reconstructions for the early Vardar slab material, but it is located far to the west, offset from the associated palaeo-subduction zone in Model 1 by more than 15°. Similar to Van der Meer et al. (2010) , we refer to this high-velocity feature as the remnants of western Vardar intra-oceanic subduction zone from 170 to 140 Ma. Nonetheless, as noted by Van der Meer et al. (2010) , we are unable to explain the significant lateral offset between predicted and observed anomalous high-velocity structures.
Anomaly B corresponds to the Egypt (Eg) slab in the tomographic study of Van der Meer et al. (2010) , between depths of 1325 and1175 km. As discussed in profile 4, we attribute this high-velocity material to Mesozoic subduction in Alpine Tethys (anomaly D in Figure 12 ).
Anomaly C is observed beneath Arabia at depths between 1000 to more than 2000 km. The depth range for this slab material corresponds to subduction aged between 160 and 80 Ma. This feature is also mentioned as the Mesopotamia slab (Me) (Van der Meer et al. 2010), Eg-SA slab (Hafkenscheid et al. 2006) , and western part of Zone III of Neotethys slabs (Van Der Voo et al. 1999) . However, there is no general consensus about the location and origin of the subduction zone responsible for this slab material. Here we associate the eastern part of this anomaly with Neotethys NE-dipping subduction under the Eurasian margin (Models 1 and 2). The western part of this anomaly can correlate with the intra-Oceanic western Neotethys subduction zone (Models 1 and 3) (Hafkenscheid et al. 2006) . However, we are unable to discriminate between these models to explain the origin of the high-velocity material in middeep mantle.
Discussion
Coupling the plate reconstruction from Model 1 with different tomographic models mentioned in Section 4.1 results in a satisfactory match between the Cenozoic subduction events in Western Tethys region and observed tomographic high-velocity material. However, this match becomes less adequate as we go back in time to the Mesozoic era. The considerable lateral offset between the deep mantle feature regarded as Vardar subducted material and the palaeo-longitude of the Vardar intra-oceanic subduction zone is one of these uncertainties.
The same uncertainties extend to the Neotethys Ocean. Our tomographic study shows that a shortlived intra-oceanic arc in the Western Tethys Ocean, which is incorporated in tectonic Model 1, may be responsible for high-velocity material under Northwest Africa and the Arabian Peninsula. Nevertheless, the possibility of opening a Cretaceous-aged back-arc basin on the Eurasian margin (e.g. Semail Ocean Hafkenscheid et al. (2006) ; Stampfli and Borel (2004) ) (Model 3) as a western counterpart of the Bangong-Nujiang back-arc Ocean in the Eastern Tethys Ocean (Gibbons et al. 2015) cannot dismissed. The westward retreat of the Neotethys subduction zone resulting from this opening could result in arc-continent collision and obduction of Tethyan oceanic crust on the Arabian margin (SemailOman ophiolites).
The existence of oceanic subduction in the Alpine or pre-Alpine Tethys basins Rosenbaum and Lister 2005) We mentioned previously that part of the discrepancies between the reconstruction and tomographic models may arise from uncertainties in the absolute position of the continents through time, or due to the limitations in the assumption of vertical slab sinking and sinking rates. Differences between the absolute reference frames result in notable variations in plate velocities and the palaeo-location of plate boundaries (Shephard et al. 2013 ). This problem is more acute for older times due to less reliable data (e.g. lack of hotspot tracks, limited palaeomagnetic data, and poorly imaged subduction zones in the deep mantle). To partly address this issue, we created an alternative plate model (Model 1b), which takes the relative plate motion of Model 1a but uses the alternative absolute reference frame of Van der Meer et al. (2010) . The difference between these two reference frames is not very significant for Cenozoic times, but major differences exist for the Mesozoic (Figure 8) , which is the focused time period of this study. Figure 14 shows the displacement of subduction zones using these two alternative reference frames. This figure also shows the palaeo-subduction zones of Model 2 for the associated time steps to better compare these tectonic scenarios.
Applying the subduction reference frame of Van der Meer (2010) results in a longitudinally westward displacement of the subduction zones (in Model 1b) of about 850, 540, 700, and 500 km for times 160, 111, 84, and 40 Ma, respectively. The maximum displacement affects the Vardar subduction system and partially accounts for the lateral offset between the Vardar subduction zone and associated high-velocity anomaly (anomaly A in Figure 13 ; also see previous section). The influence of this westward shift is more pronounced in N-S-striking subduction zones and thus the more E-W-trending preAlpine, Alpine, and Hellenic subduction zones are less sensitive to this change in absolute reference frame. The Late Cretaceous trench location of Western Neotethys in the Van der Meer et al. (2010) reference frame is also not dramatically different, due to the more oblique orientation of this subduction zone. The geographic fit Figure 14 . Illustration of the palaeo-location of subduction zones for four reconstructed times using two different absolute reference frames. Model 1a (magenta) and Model 2 (green) are plotted using the hotspot-True Polar Wander reference frame. Model 1b (black) represents the same plate boundaries plotted in the subduction reference frame. Associated horizontal tomographic slices of model MITP-08 underlay the reconstruction model for each time step. We used a sinking rate of 1.2 cm/year to constrain the depth-age relationship for each time step. The tomographic high-velocity materials associated with each subduction zone are also marked for further resolution. Grey lines represent present-day coastlines.
between the tectonic and tomographic models for the Cenozoic is better in the absolute reference frame of Model 1a, supporting the notion that hotspot-based reference frames are a better predictor of absolute plate motions for Cenozoic times.
Conclusion
We have constructed a plate tectonic model of the Western Tethys that incorporates a new model for the early opening of the Central and North Atlantic conducted in this study and the reconstructions of Schettino and Turco (2011) for the blocks and basins in the Western Tethys, imbedded within the global plate reconstruction of Seton et al. (2012) .
Our modifications of the early kinematics in the Atlantic result in a revised motion of Iberia relative to Europe and Africa. We support a transtensional tectonic regime along the North Pyrenean Fault for the IberiaEurasia boundary from 200 to 120 Ma. As a consequence of such motion, our model does not support the interpretation of oceanic magnetic lineations in the Bay of Biscay as true M0 magnetic isochrons.
Comparing the new plate reconstruction of the Western Tethys to different P and S seismic wave tomographic models, we found a good match between the plate kinematics and tomography models for Late Cretaceous-Cenozoic subduction of eastern Vardar Ocean-eastern Mediterranean (Hellenic Arc) and Alpine subduction. We were unable to recognize an oceanic slab under the Pyrenees, as suggested by Sibuet et al. (2004) , which reinforces our Iberian plate reconstruction regarding the absence of oceanic crust under the Pyrenees. The possible association between the high seismic-velocity material under North Central Africa and the Mesozoic subduction of the Alpine basins implemented in the reconstruction suggests the possibility of the Alpine compressional phase initiating as an oceanic subduction alongside with the Eo-Alpine continental subduction. A final prediction made by the tectonic model concerns the palaeo-location of Vardar intra-oceanic subduction under Central Africa. The deep-mantle high-velocity material in tomographic models under northwestern Africa may be related to this subduction. However, our tectonic reconstruction predicts this material to be farther eastward than what is predicted when examining correlations with seismic tomography. We found that using an alternative reference frame (VDM) only partially accounts for this misfit and does not solve the discrepancy entirely.
Our comparison of the plate tectonic models to seismic tomography is an important first step to understanding the tectonic evolution of the Western Tethys evolution and assessing the validity of competing tectonic scenarios. We envisage that coupled plate tectonic-geodynamic models, with imposed plate motions and subduction scenarios studied in this paper as boundary conditions, will shed light on the ongoing debates regarding the broadscale subduction history of Western Tethys and the early history of Vardar and Alpine subduction in particular.
